Abstract-Content caching is an efficient technique to reduce delivery latency and system congestion during peak-traffic time by bringing data closer to end users. In this letter, we investigate energy-efficiency performance of cache-assisted content delivery networks with wireless backhaul by taking into account cache capability when designing the signal transmission. We consider multi-layer caching and the performance in cases when both base station and users are capable of storing content data in their local cache. Specifically, we analyze energy consumption in both backhaul and access links under two uncoded and coded caching strategies. Then two optimization problems are formulated to minimize total energy cost for the two caching strategies while satisfying some given quality of service constraint. We demonstrate via numerical results that the uncoded caching achieves higher energy efficiency than the coded caching in the small user cache size regime.
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I. INTRODUCTION
E DGE-CACHING has recently received much attention as a promising technique to address the stringent requirements of future wireless networks for delivering content at high speed and low latency due to the proliferation of mobile devices and data-hungry applications. The premise of edgecaching is to bring content closer to end users via distributed storage throughout the network [1] . Caching usually consists of two phases: a placement phase which is implemented in off-peak time and a delivery phase which usually occurs during peak-traffic hours when the actual users' requests are revealed. If the requested content is available in the local storage, it can be served locally without being sent via the network. In this manner, caching allows significant throughput reduction during peak-traffic time and thus reducing network congestion [1] , [2] .
Caching strategies can be classified into two main strategies: uncoded [1] and coded [2] caching. While uncoded caching strategy prefetches and delivers content to users separately, coded caching requires coordination in both phases to broadcast coded combination to a group of users simultaneously.
It is shown in [2] that the coded caching achieves a global caching gain on top of the local caching gain. Note that the global gain brought by coded caching comes at a price of coordination since the data centre needs to know the number of users in order to construct the coded messages. Rate-memory trade-off under coded caching strategy has been intensively investigated in edge-caching networks [2] - [4] and deviceto-device networks [5] . Focusing on the content placement phase in heterogeneous networks, [7] investigates the tradeoff between expected backhaul rate and energy consumption. Average energy efficiency (EE) is analysed in [8] . We note that these papers consider only uncoded caching methods with a single cache layer.
In this letter, we investigate the energy efficiency performance of cache-assisted content delivery networks (CDN) in which users request content from the data centre via a base station (BS) that is connected to the data centre via wireless backhaul. First, we analyse the energy consumption of the two caching strategies taking into account the wireless channels of the backhaul and access links. We then formulate two optimization problems to minimize the total energy consumption while satisfying a predefined quality of service (QoS) . Finally, we demonstrate via numerical results that the uncoded caching achieves higher energy efficiency than the coded caching in the small user cache size regime. Our contributions differ from the existing works in [6] - [10] since we consider multiple-layer cache, cross-file coded caching and realistic energy cost model for backhaul links. Notation: (.) H , (x) + and Tr(.) denote the Hermitian transpose, max(0, x) and the trace(.) function, respectively. x denotes the largest integer not exceeding x.
II. TRANSMISSION AND CACHING MODEL
We consider the downlink cache-assisted CND with wireless backhaul as depicted Fig. 1 , in which one BS serving K singleantenna users, denoted by K = {1, . . . , K}. The BS connects to the data centre via wireless backhaul which is assumed to operate in a different carrier than the access networks, e.g., mmWave. Therefore, the transmission on the backhaul does not cause interference to the access links. Denote L 1 , L 2 with L 2 ≥ K as the number of antennas at the data centre and BS, respectively. The wireless transmissions are subjected to block Rayleigh fading channels, in which the channel fading coefficients are fixed within a block and are mutually independent across links. The block duration is assumed to be sufficiently long to complete a file request section. The data centre contains N files of equal size of Q bits and is denoted by F = {F 1 , . . . , F N }.
A. Caching Model
We investigate multiple-layer caching networks in which the BS and users are equipped with a storage memory of size M b and M u files, with 0 ≤ M b , M u ≤ N, respectively. Similar to [2] , we consider the worse case in which the caching nodes do not know in advance the content popularity. Two notable caching strategies are considered: uncoded caching and coded caching. In the placement phase under the uncoded caching, content data is preloaded at the caches: BS and each user store N bits, which are randomly selected, from every file, respectively. For robustness, we assume the BS is not aware of users' cached content. The placement phase under the coded caching is similar to [2] . In the delivery phase, each user requests one file from the data centre. If the requested file parts are in its own cache, they can be served immediately. Otherwise, these parts are sent from the BS's cache or the data centre through the wireless backhaul.
1) Uncoded Caching Delivery:
This strategy sends the parts of the requested file which are not in the local cache to the users separately. The advantage of this method is robustness and it does not require coordination. Denote Q unc, BH and Q unc, AC as the aggregated throughput on backhaul and access links in the uncoded caching strategy. Since each user requests a different file, we obtain Q unc,
2) Coded Caching Delivery:
In this method, the data centre first intelligently encodes the requested files and then sends them to the users. We note that the data centre needs to know the number of users in order to construct the coded bits.
Proposition 1 [11] :
Under the coded caching strategy, the aggregated throughput on the access links is given as Q cod, AC = (1 − δ)
, and the backhaul thoughtput is calculated as
the channel fading of the wireless backhaul channel and access channels from the BS to the k-th user, respectively, whose elements are mutually independent and follow a complex Gaussian distribution with zero mean and respective variances σ 2 g and σ 2 h k . It is assumed that channel state information (CSI) is available at the transmit side, e.g., the data centre knows G and the BS knows h k , ∀k. When a user requests a file, it first checks its own cache. Parts of the requested file which are not in neither the user cache nor BS cache will be sent from the data centre to the BS via the wireless backhaul. Then the BS transmits these parts of the file to the user via the access links. The maximum achievable rate that the backhaul supports is 
as the precoding vector for user k. The signal-to-interferenceplus-noise ratio at user k is given as
2) Transmission on the Access Links Under Coded Caching
Strategy: In order to optimize the network resources, physicallayer multicasting is employed to precode the data [12] since the coded caching broadcasts the coded-signal to a subset users K ⊂ K (see [2] for details). In this method, the BS uses only one precoding vector w ∈ C L 2 ×1 for K . The achievable rate at user k ∈ K is given as R cod = min k {R cod,k }, where
To satisfy the QoS rate η, it must hold that R cod ≥ η. The transmit power on the access links under the coded caching policy is P cod, AC = w 2 .
III. COST MINIMIZATION FOR CODED
CACHING STRATEGY We consider off-line caching, in which the content placement phase is executed during off-peak time [2] . As such the energy cost in the placement phase is negligible [8] and we focus on the cost in the delivery phase. The total energy cost under the coded caching strategy is given as E cod, = E cod,BH + E cod,AC , where E cod,BH and E cod,AC are energy costs in the backhaul and access links, respectively. Since the coded caching strategy sends Q cod,BH bits via the backhaul link at the rate R BH and Q cod,AC bits via the access links with the rate R cod , we have E cod, AC = Q cod, AC R cod P cod and
Note that the BS broadcasts a coded message to a subset of users K in the delivery phase [2] , therefore the required rate on both the backhaul and access links is η. The energy minimization problem for coded caching strategy is formulated, ∀k ∈ K ⊂ K , as follows:
It is observed that problem Q 0 can be decoupled into two sub-problems Q 1 , Q 2 and thus can be effectively solved via optimizing these two problems independently, where 
Solving problem Q 1 : In order to maximize the achievable rate of the wireless backhaul, water-filling based power allocation is employed. Denote
as the i-th ordered eigen-values of GG H , and μ as the water-filling level. Thus, the total transmit power on the backhaul is
and the achievable rate of the backhaul is
}. The backhaul's transmit power and achievable rate are given in Theorem 1.
Theorem 1: The water-filling level solution μ cod of problem Q 1 under the uncoded caching strategy is given as
Proof: Denote f (μ) as the objective function of Q 1 .
Consider f (μ) in an arbitrary subset [
]. Therefore, we conclude that f (μ) is an increasing function in R + . Because the constraint is monotonically increasing function of μ, f (μ) achieves the minimal value at the smallest μ in the feasible set, i.e., μ cod .
In order to solve Q 2 , we introduce new variables x > 0,
We further introduce a new variable α > 0 and denote y = log 2 (x), then (1) can be reformulated as follows:
For a given α, all constraints of problem (2) are convex except the last one. This suggests to solve problem (2) via bisection and SDR, whose steps are shown in Table I . We note that the solution of SDR does not always satisfy the rank-one condition. Thus, Gaussian randomization procedure is used to obtain the approximated vector from the SDR solution [14] . From the optimal value X of problem (1), we obtain the optimal precoding vector w and consequently P cod, AC .
IV. COST MINIMIZATION FOR UNCODED CACHING The total energy cost under the uncoded caching policy is given as E unc, = E unc, BH + E unc, AC , where E unc, BH and E unc, AC are the energy cost on the backhaul and access links, (1) respectively. To compute the energy consumption on the access links, we should note that each user requests Q unc, AC K bits. The uncoded caching strategy sends these bits to each user independently via multiuser precoding. Since user k is served at the rate R unc,k , the energy cost to send the requested content to user k is
Therefore, the total energy consumed on the access links is E unc,AC =
. Since the backhaul needs to support the data rate Kη for the user request rate η, the energy cost on the backhaul is Q unc,BH R BH P BH to transmit the requested bits to the BS. The total energy cost in the uncoded caching strategy is given as
The energy minimization problem for uncoded caching strategy is formulated as follows:
where R BH and R unc, k are given in Section II-B.
We observe that the problem P 0 can be decoupled because the first constraint depends only on w k and the second constraint only affects P BH . Therefore, the solution of P 0 can be obtained by solving two following sub-problems:
The solution of problem P 1 can be obtained similarly as problem Q 1 in the previous section. In particular, the backhaul's transmit power under coded caching is given as
), where
Solving problem P 2 : Due to low computational complexity, Zero-forcing (ZF) is used to design the beamforming vectors.
Since the direction of the beamforming vectors are already defined by the ZF, only the transmit power on each beam needs to be optimized. Let p k σ 2 ≥ ζ, ∀k. Consequently, the cost minimization problem is formulated as follows:
Therefore, the objective function of (5) is a strictly increasing function in its supports. Therefore, the optimal solution of (5) is achieved at p k = ζ σ 2 , and the minimum transmit power is ζ σ 2 K k=1 h k 2 . Substituting these into E unc,AC , we obtain Theorem 1. N . Interestingly, there is a crossing point between the two curves, which shows that the uncoded caching strategy outperforms the coded caching for small user cache sizes. This result differs from the common understanding about coded caching that always outperforms the uncoded caching in terms of aggregated backhaul's load [2] . However, [2] ignored the wireless medium between the BS and users. On the other hand, we design the signal transmission carefully for each strategy. In particular, the uncoded caching employs unicast to deliver independent data streams to the users, while the coded caching sends the common coded message to a group of users at a time. When the user cache M u is greater than 0.2N, the coded caching achieves higher EE. Fig. 2b shows the EE as a function of BS cache size when M u = 0.2N. In this case, the coded caching achieves higher EE than the uncoded caching at small BS memories. In creasing the BS cache size does not affect much the EE for both strategies. Fig. 3 presents the ratio of EE of coded caching and EE of uncoded caching as a function of both BS and user cache sizes. A ratio greater than 1 indicates that the coded caching outperforms the uncoded caching method. It is shown that the uncoded caching surpasses the coded caching in the small user cache size regime. When the user cache size is greater than 20% of the library size, the coded caching always outperforms the uncoded caching regardless of BS cache size. This suggests an important guideline for using the uncoded caching method because the user cache size is usually small compared with the library in practice. It is also observed that the user cache size has strong influence on the relative EE gain, whereas the BS cache size has negligible impact.
VI. CONCLUSION
We have analysed the energy consumption of a cacheassisted CDN with wireless backhaul under the two notable coded and uncoded caching strategies. Two optimization problems have been proposed to minimize the total energy cost for the corresponding two caching methods while satisfying the predefined quality of service requirement. A promising extension based on this letter is to consider generic networks in which the data centre is serving multiple base stations and non-identical user cache sizes.
